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Abstract
Background: Plaque imaging based on magnetic resonance imaging (MRI) represents a new modality for risk
assessment in atherosclerosis. It allows classification of carotid plaques in high-risk and low-risk lesion types (I-VIII).
Type 2 diabetes mellitus (DM 2) represents a known risk factor for atherosclerosis, but its specific influence on
plaque vulnerability is not fully understood. This study investigates whether MRI-plaque imaging can reveal
differences in carotid plaque features of diabetic patients compared to nondiabetics.
Methods: 191 patients with moderate to high-grade carotid artery stenosis were enrolled after written informed
consent was obtained. Each patient underwent MRI-plaque imaging using a 1.5-T scanner with phased-array
carotid coils. The carotid plaques were classified as lesion types I-VIII according to the MRI-modified AHA criteria.
For 36 patients histology data was available.
Results: Eleven patients were excluded because of insufficient MR-image quality. DM 2 was diagnosed in 51
patients (28.3%). Concordance between histology and MRI-classification was 91.7% (33/36) and showed a Cohen’s
kappa value of 0.81 with a 95% CI of 0.98-1.15. MRI-defined high-risk lesion types were overrepresented in diabetic
patients (n = 29; 56.8%). Multiple logistic regression analysis revealed association between DM 2 and MRI-defined
high-risk lesion types (OR 2.59; 95% CI [1.15-5.81]), independent of the degree of stenosis.
Conclusion: DM 2 seems to represent a predictor for the development of vulnerable carotid plaques irrespective
of the degree of stenosis and other risk factors. MRI-plaque imaging represents a new tool for risk stratification of
diabetic patients.
See Commentary: http://www.biomedcentral.com/1741-7015/8/78/abstract
Background
MRI-based plaque imaging represents a new noninvasive
imaging technique to reliably analyze plaque features of
patients presenting with carotid artery stenosis [1-3].
Based on histological American Heart Association
(AHA) criteria, modified specifically for MRI use, a clas-
sification was introduced by Cai and co-workers [4] that
allows categorization of carotid plaques noninvasively
into distinct lesion types (I-VIII). According to this
modified classification, plaque lesions characterized by a
lipid-rich necrotic core, by the presence of a thinned
fibrous cap or by intraplaque hemorrhage represent
lesion types IV-VI and are regarded as high-risk,
unstable plaques that are likely to rupture and lead to
cerebral ischemia [5-15]. In a previous study we showed
that these high-risk lesion types IV-VI were indeed
more prevalent in patients presenting with symptomatic
carotid artery stenosis compared with asymptomatic
patients [16].
The vulnerability of atherosclerotic plaque might be
influenced by risk factors promoting the development of
atherosclerotic changes, and diabetes mellitus (DM) in
particular is known to be associated with a specific pat-
tern of vascular change [17]. Although DM represents a
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any medium, provided the original work is properly cited.well-established risk factor for atherosclerosis [18,19], its
specific influence on plaque vulnerability in carotid
artery stenosis is not clear. Previous reports suggest that
atherosclerosis due to diabetes is different from the
atherosclerotic pattern caused by other risk factors
[20-23]. Since atherosclerotic features like vasa vasorum
neovascularisation, intraplaque hemorrhage and lipid-
core expansion seem to represent specific diabetic pla-
que features [18], diabetes might play an important role
in plaque remodeling and in the development of plaque
vulnerability. However, studies analyzing carotid plaque
morphology based on MRI plaque imaging in relation to
type 2 diabetes (DM 2) are rare.
It is the aim of this study to investigate whether MRI-
based plaque imaging has the ability to detect possible
differences in carotid plaque features of diabetic patients
compared with nondiabetic patients. In addition, we
wanted to analyze whether diabetic patients with MRI-
detected high-risk lesion types are at higher risk than
nondiabetic patients with high risk lesion types for the
development of cerebral ischemia after endarterectomy
of carotid artery stenosis.
Methods
Study Population
Study subjects were recruited from consecutive patients
submitted to our stroke unit or attending our outpatient
clinic (from September 2005 to August 2008). In total
191 patients were enrolled after written informed con-
sent was obtained. Inclusion criteria were: (1) moderate
to high-grade internal carotid artery (ICA) stenosis,
diagnosed by Doppler and duplex sonography. The
severity of carotid stenosis was evaluated by measuring
the peak systolic velocity (PSV) with angle correction at
the narrowest point of the stenosis. The degree of steno-
sis was classified as mild (<199 cm/s), moderate (200-
299 cm/s) or severe (≥300 cm/s, or a decrease of PSV
combined with distinct duplex sonographic signs of fili-
form stenosis) [24]. (2) Patients did not present with
contraindications for MRI (e.g., pacemakers, metal
implants, claustrophobia).
Symptomatic stenosis was defined as a recent (within
3 days prior to enrollment) neurological deficit caused
by the index carotid artery.
In all cases the stenosis was caused by atherosclerosis.
We used the following diagnostic protocol to determine
the stroke etiology and to exclude other possible causes
for the qualifying stroke than a symptomatic carotid
artery stenosis: In each patient we performed electrocar-
diography to exclude atrial fibrillation, echocardiography
to exclude intracardial thrombus, Doppler sonography
of the extra- and intracranial vessels as well as a color-
coded duplex ultrasound of the extracranial arteries to
exclude carotid artery dissection.
All patients were examined one day before and one
d a ya f t e rt h ee n d a r t e r e c t o m yb yan e u r o l o g i s tw h od i d
not have any information regarding the MRI findings.
According to the definition of new postprocedural neu-
rological deficits used in large multicenter trials (SPACE
[25]; NASCET [26]; ECST [27]), a new postprocedural
neurological deficit was diagnosed when lasting longer
than 24 hours. Diffusion-weighted imaging (DWI) was
performed on the day before as well as on the day after
the endarterectomy.
The study protocol was approved by the local ethics
committee. Independent data safety monitoring was pro-
vided by the Institutional Review Board. The methods
used in the study were in accordance with the ethical
standards laid down in the 1964 Declaration of Helsinki.
Risk Factor Evaluation
The clinical examination included physical status, blood
pressure measurement, blood tests, 12-lead electrocar-
diography (ECG) and ultrasound examination of the car-
otid arteries. DM 2 was defined as a fasting glucose level
> 7,0 mmol/l (126 mg/dl), glucose level at any time
>11,1 mmol/l (200 mg/dl), use of hypoglycemic agents,
or a history of physician-diagnosed DM. Hypertension
was defined as systolic blood pressure >140 mmHg or
diastolic blood pressure >90 mmHg in the supine position,
or use of antihypertensive medication. Hyperlipidemia was
defined as a fasting cholesterol value >6,2 mmol/l
(240 mg/dl), low-density lipoprotein (LDL) cholesterol
>4,9 mmol/l (190 mg/dl), LDL/high-density lipoprotein
(HDL) ratio >4.0, or a history of physician-diagnosed
increased cholesterol and the use of lipid-lowering medi-
cation. Ischemic heart disease was defined as a history of
myocardial infarction, angina pectoris, or coronary artery
bypass or pathognomonic ECG.
Endarterectomy
The decision for performing carotid endarterectomy
(CEA) was reached in a mulitidisciplinary conference of
neurologists, radiologists and vascular surgeons. The
involved physicians were unaware of the MRI plaque
imaging findings.
The technique of CEA applied in our institution has
been reported in detail previously [28-30]. All CEA pro-
cedures were performed as classical CEA by two experi-
enced surgeons. The surgeons were blinded to the
results of the MRI plaque imaging. All patients received
a daily dose of 100 mg aspirin at least 1 day before
endarterectomy. The procedure was performed under
normotensive, normocapnic general anesthesia. At the
beginning of the operation, the patients were anticoagu-
lated with 5000 IU heparin that was subsequently antag-
onized completely with protamine. After CEA, ASS was
continued at a dose of 100 mg per day not time-limited.
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MRI Plaque Imaging
All patients were imaged with a 1.5-T scanner (Magnetom
Symphony Quantum Gradient; Siemens Medical System;
Germany) with bilateral phased-array surface coils
(PACC-SS15; Machnet B.V., Netherlands). According to
our previously published protocol, four contrast-weighted
images were obtained as follows: [16] 3-dimensional time-
of-flight MR-angiography (3D TOF), T1-weighted (T1w),
T2-weighted (T2w), and proton-density-weighted (PDW)
studies of both carotid arteries. The MRI scan was cen-
tered on the carotid bifurcation on the side of the stenosis
to assure proper matching between the contrast-weighted
imaging series of each patient. In case of bilateral stenosis,
the MRI scan was centered on the side of the more
advanced carotid stenosis. The imaging sequences were as
follows: 3D TOF: field of view (FOV) 200 mm/75.0%;
repetition time (TR) 43 ms; time to echo (TE) 7.15 ms,
number of excitations (NEX) 2. T1w: FOV 160 mm/100%;
TR 700 ms; TE 14 ms; NEX 2. T2w: FOV 160 mm/100%;
TR 700 ms; TE 100 ms; NEX 2. PDW: FOV 160 mm/
100%; TR 700 ms; TE 10 ms; NEX 2. Slice thickness was
1 mm for the 3D TOF and 2 mm for the T1w-, T2w- and
PDW-images. The longitudinal coverage of each carotid
artery was 72 mm (72 slices) for the 3D TOF and 24 mm
(12 slices) for T1w, T2w and PDW images.
The patients were positioned on a vacuum pillow to
avoid head-neck region movement during the MRI scan
to ensure proper alignment between the images
acquired in the four contrast-weighted imaging
sequences of each patient.
Before evaluation of the MRI scans, an image-quality
rating (4-point scale, 1 = best; 4 = worst) was assigned to
all MR images for each contrast-weighted image. Image
quality = 4 in one of the contrast weightings led to exclu-
sion of the evaluation procedure. For each patient, a data
set of 108 contrast-weighted MR images (72 slices for the
3D TOF and 12 slices for T1w, T2w and PDW) of the
carotid arteries was obtained. The images were evaluated
by one experienced reviewer. The reviewer was blinded
to the patient’s clinical history and to the histological
findings at the time of image analysis. To determine the
lesion type in accordance with the modified AHA cri-
teria, [4] the carotid atherosclerotic plaque in the 108
images of each patient was identified and ascribed to one
of the six classification types according to the following
modified AHA criteria: [4] Type I-II shows near-normal
wall thickness without calcification. Type III represents
diffuse intimal thickening or small eccentric plaque with-
out calcification. Type IV-V is characterized by a lipid or
necrotic core surrounded by fibrous tissue with possible
calcification. Type VI shows a complex plaque with pos-
sible surface defect, hemorrhage, or thrombus. Type VII
represents a calcified lesion. Type VIII is characterized by
a fibrotic plaque without a lipid core and with possible
small calcifications [4].
DWI Studies
DWI studies were performed on a 1.5 T whole-body ima-
ging system with a head coil (Magnetom Symphony
Quantum gradient). Whole-brain DWI was carried out
with an isotropic echo planar sequence. Sagittal, coronal,
and transversal studies were obtained, each of them with
b values of 0, 500, and 1000 s/mm
2,T R4 0 0 6m s ,T E8 3
ms, quantum gradient 30 mT/m, slew rate 125 mT/m/
ms, rising time 240 μs, slice thickness 4-6 mm, gap
1.5 mm, 128 × 128 matrix and 220 × 220 mm field of
view. To minimize the effects of diffusion anisotropy, the
diffusion-weighted data were automatically processed by
the scanner’ss o f t w a r e( N u m a r i s
© 3.5). ADC maps were
also automatically processed by the scanner’s software.
MRI was conducted with special consideration of number
and location of lesions. All images were analyzed by one
experienced neuroradiologist who was blinded to clinical
details including the kind of intervention. An acute
ischemic lesion in DWI was diagnosed only if an
increased signal intensity was visible on at least two
planes, if a corresponding decreased signal intensity was
detected in the apparent diffusion coefficient (ADC)
image. Postprocedural DWI lesion was defined as new,
acute ischemic lesion that occurred in the MR-imaging
after endarterectomy and that was not in the MR-ima-
ging performed before endarterectomy.
Histology
Seventy-two patients (40%) underwent carotid endarter-
ectomy and specimens from 36 patients could be
obtained for histological work-up. The specimens were
fixed in formalin, decalcified, and embedded in paraffin.
The samples were sectioned (slice thickness 10 μm)
every 1 mm throughout the length of the specimen and
stained (hematoxylin-eosin and Mallory’s trichrome).
The histological sections were independently reviewed
and categorized using AHA criteria [31,32]. The
reviewer was blinded to the clinical history of the
patients and to the results of the MRI evaluation.
Correlation between MRI and Histology
The region of interest (carotid plaque) was defined in the
MR images. The MRI images and histological slices were
matched using the distance from the common carotid
artery bifurcation and using morphological features as
landmarks, such as lumen size and the presence of calci-
fication. Histology was considered the gold standard.
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To compare the frequency of the occurrence of postin-
terventional DWI lesions with the presence of a sympto-
matic stenosis and MRI-defined lesion types in diabetic
an non-diabetic patients, chi-square tests were used. To
assess the association of DM, symptomatic stenosis and
cardiovascular risk factors with the presence of high risk
lesion types we performed logistic regression analysis.
We present odds ratios (OR), adjusted OR and 95% con-
fidence intervals (CI). As exploratory subgroup analyses
we also assessed the association of DM adjusted for car-
diovascular risk factors with postprocedural lesions in
patients that had undergone CEA.
To quantify the degree of concordance between the
histological and MRI data, we calculated Cohen’s kappa
coefficient. A kappa value > 0.75 was considered to indi-
cate good concordance; a kappa value between 0.40 and
0.75 was considered to indicate moderate concordance.
Data were analyzed using SPSS version 16.0 software
(SPSS, Chicago, IL, USA). All tests were two-tailed and
P-values < 0.05 were considered statistically significant.
Results
One hundred and ninety-one patients were enrolled.
Eleven patients (5.8%) hadt ob ee x c l u d e db e c a u s eo f
inadequate MR- image quality (image quality = 4). The
following results are based on the remaining 180
patients (94.2%). DM 2 was diagnosed in n = 51 patients
(28.3%). Forty-nine patients (27.2%) presented with a
recent symptomatic stenosis; 131 patients (72.8%) were
asymptomatic. In diabetic patients n = 20 patients
(39.2%) presented with a symptomatic stenosis, in non-
diabetic patients n = 29 (22.5%). Seventy-two patients
(40%) (of whom 27 [37,5%] were symptomatic) under-
went CEA. Moderate stenosis (Vmax 200-300 cm/s) was
diagnosed in 81 (45%) patients; 99 (55%) patients pre-
sented with a high-grade (Vmax ≥ 300 cm/s) carotid
stenosis.
Patient demographics and baseline data are summar-
ized in Table 1.
MRI Lesion Types
In patients with DM 2, lesion type IV-V (Figure 1) was
found most commonly (n = 20; 39.2%), followed by
lesion type VII (n = 13; 25.5%), lesion type VI (n = 9;
17.6%) (Figure 2), lesion type VIII (n = 5; 9.8%), and
lesion type III (n = 4; 7.8%).
In nondiabetic patients the prevalence of lesion types
was as follows: lesion type VII was mainly found (n =
56; 43.4%), followed by lesion type IV-V (n = 28; 21.7%),
lesion type VIII (n = 20; 15.5%), lesion type III (n = 15;
11.6%), and lesion type VI (n = 10; 7.8%).
The high-risk lesion types IV-V and VI were more
prevalent in diabetic patients compared with nondiabetic
patients (n = 29 [56.8%] vs. n = 38 [29.5%]; P =0 . 0 0 2 ) .
The distribution of MRI-defined lesion types in diabetic
patients compared with nondiabetic patients is shown in
Figure 3.
Multiple logistic regression analysis including DM 2,
symptomatic stenosis, degreee of stenosis, cholesterol
level, hypertension, smoking status, coronary heart dis-
ease, and atrial fibrillation as influencing variables
revealed association between DM 2 and MRI-defined
high-risk lesion types (OR 2.59; 95% CI [1.15-5.81])
and between symptomatic stenosis and MRI-defined
high-risk lesion types (OR 13.38; 95%CI [5.64-31.78]).
None of the other factors revealed an association in
the regression analysis. These data are summarized in
Table 2.
Histology
Histology data were obtained for 36 patients. The con-
cordance between the histological data and the MRI
classification was 91.7% (33/36) and showed a Cohen’s
kappa value of 0.81 with a 95% CI of 0.98-1.15.
Figure 4 shows an example of an MRI-defined lesion
type IV-V and the corresponding histological image
shows an example of lesion type V.
DWI Lesions
In 25 patients (34.7%) DWI lesions were found before
CEA. Twelve of these patients (16.7%) were diabetics.
Seventy-two patients (40%) underwent CEA. Twenty-
five (34.7%) of the patients who underwent endarterect-
omy presented with DM 2.
After endarterectomy postprocedural DWI lesions
were found in 25 patients (34.7%). In n = 17 diabetic
patients (23.6%) and in n = 6 nondiabetic patients
(8.3%) postprocedural DWI lesions occurred.
The logistic regression analysis adjusted for MRI-
defined high-risk lesion types, symptomatic stenosis,
degree of stenosis and cardiovascular risk factors
Table 1 Baseline data of patients.
DM 2 No DM 2 P
N 51 (28.3) 129 (71.7)
Symptomatic, n (%) 20 (39.2) 29 (22.5) 0.02
Age, range, mean (years) 51-86 (71.2) 49-87 (71.2) 0.67
Sex, male, n (%) 30 (58.8) 79 (61.2) 0.11
Hypertension, men (%) 43 (84.3) 110 (85.3) 0.87
Atrial Fibrillation, n (%) 2 (3.9) 8 (6.2) 0.55
Current or former smoker, n (%) 28 (54.9) 62 (48.1) 0.41
Hypercholeserolemia, n (%) 31 (60.8) 82 (63.6) 0.73
Coronary heart disease, n (%) 9 (17.6) 39 (30.2) 0.09
Moderate stenosis, n (%) 22 (43.1) 59 (45.7) 0.75
Severe stenosis, n (%) 29 (56.9) 70 (54.3) 0.72
DM 2: Type 2 Diabetes mellitus; N: number.; P: P-value.
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DWI lesions (OR 5.12; 95% CI [1.01-25.8]).
High-risk MRI lesion types were found in 38 (52.8%)
out of the 72 patients who underwent endarterectomy.
Diabetic patients with high-risk lesion types developed
postprocedural DWI lesions more often than nondia-
betic patients with high-risk lesion types (n = 17 [44.7%]
vs. n = 6 [15.8%]; P = 0.037).
Neurological Outcome
Considering the definition of new postprocedural neuro-
logical deficits used in large multicenter trials (SPACE
[25]; NASCET [26]; ECST [27]), postprocedural neuro-
logical deficits lasting longer than 24 hours ocurred in
n = 4 (5.56%) patients.
All four patients (5.6%) with new neurological symp-
toms were diabetics.
Discussion
Our results showed that in a cohort of patients present-
ing with carotid artery stenosis, patients with type 2
diabetes in particular were at higher risk than nondia-
betic patients of presenting vulnerable, carotid plaques:
the high-risk lesion types IV-V and VI were clearly over-
represented in diabetic patients compared with nondia-
betics. Regression analysis revealed DM 2 to represent
an independent risk factor for the presence of high-risk
MRI-defined lesion types, irrespective of other cerebro-
vascular risk factors and irrespective of the degree of
stenosis. Our results suggest that DM 2 might play an
important role regarding plaque appearance and stabi-
lity. Since we found in diabetic patients the high-risk
MRI-defined lesion types to be predominant, our results
suggest that patients with DM 2 might have athero-
sclerotic patterns different from those of nondiabetic
ones with regard to plaque stability. MRI-based plaque
imaging represents a new technique to visualize such
high-risk plaque features noninvasively and offers there-
fore a new possibility for risk stratification in diabetic
patients.
The hypothesis that atherosclerosis due to DM 2 is
different from the pattern of atherosclerosis caused by
TOF T1
PD T2 PD T2
Figure 1 Example of lesion type IV-V in the right internal carotid artery. The lipid-rich necrotic core shows low-signal intensity (SI) on both
T1w and TOF images, but low- to iso-SI on PDW and T2w images. Original magnification × 25.
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ture: Moreno and colleagues [33] found a larger content
of high-risk plaque features such as a lipid core in cor-
onary specimens of diabetics than in nondiabetics.
Henry et al. found a specific pattern of remodeling in
ultrasound examinations, especially in diabetic patients
[17]. A possible explanation for the differences in plaque
morphology between diabetic patients and nondiabetic
patients was shown by the study of Di Mario et al., [34]
since they found an association between hyperglycemia
and dysregulation of vascular remodeling. Furthermore,
specific features of diabetic atherosclerosis have been
identified, such as vasa vasorum neovascularisation
leading to intraplaque hemorrhage, and lipid-core
expansion leading to high-risk plaque lesions [18]. How-
ever, in none of the above studies applied MRI-based
plaque imaging for classifying carotid plaque features.
We particularly focused on the relation between DM 2
and MRI-based plaque imaging because the latter might
offer a new possibility for noninvasive detection of vul-
nerable plaques in diabetic patients.
Wassermann et al. analyzed the association between
cardiovascular risk factors and the presence of a lipid
core detected by MRI-based plaque imaging in a cohort
of patients without history of cardiovascular disease
[35]. In contrast to our results, they found plasma
TOF T1 TOF T1
T2 PD T2 PD
Figure 2 Example of lesion type VI in the left internal carotid artery. Intraplaque haemorrhage (¬) shows high-SI on T1w, TOF, PDW, and
T2w images. Original magnification × 25.
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detected lipid core. However, using MRI-plaque imaging
they looked only for one plaque feature, the presence of
a lipid core, which represents lesion type IV-V accord-
ing the modified AHA classification. They did not con-
sider that lesion type VI, characterized by intraplaque
hemorrhage or surface defect, also represents a high-risk
plaque feature that has been shown by Takaya et al. to
be associated with future cerebrovascular events [36]. In
contrast, we took into account the analysis of all differ-
ent lesion types I-VIII in our study. To best use the
potential of MRI for detection of high-risk plaques, con-
sideration of each lesion type according to the modified
AHA classification is recommended. Furthermore, Was-
sermann et al. investigated only patients without cardio-
vascular history [35], whereas we analyzed a cohort
presenting with moderate to high-grade carotid stenosis.
Since association betweenD M2a n dh i g h - r i s kp l a q u e
features might be more prevalent in advanced athero-
sclerotic diseases [18], this might be a further reason for
the differences in our results.
Large trials investigating the incidence of postproce-
dural neurological complications after carotid endarter-
ectomy have shown a higher complication rate in
symptomatic stenosis [25] than in asymptomatic stenosis
[37]. Since symptomatic stenoses provide a higher risk
for perioperative cerebral ischemia than asymptomatic
ones, this suggests that symptomatic stenoses are char-
acterized by more high-risk plaque features with a
higher risk of embolism during endarterectomy. Indeed,
histological studies categorizing plaques in accordance
to the American Heart Association (AHA) criteria
[31,32] have demonstrated that in particular sympto-
matic stenoses contain such high-risk plaque features
like intraplaque hemorrhage [5-7] and thinned fibrous
caps with lipid-rich necrotic cores [8-10]. These plaques
are endangered to rupture either spontaneously or espe-
cially during the procedure of invasive therapy such as
endarterectomy. The high-risk MRI-defined lesion types
IV-V and VI are characterized by the presence of a thin
45
50 Nondiabetic Patients
Diabetic Patients
30
35
40
15
20
25
0
5
10
III IV-V VI VII VIII
Figure 3 Distribution of MRI-defined lesion types in patients presenting with DM 2 compared with nondiabetic patients. The high-risk
lesion types IV-V and VI were more prevalent in diabetic patients compared with nondiabetic ones (n = 20 [39.2%] vs. n = 28 [21.7%] and n = 9
[17.6%] vs. n = 10 [7.8%]; P = 0.002).
Table 2 Association between risk factors and the
presence of MRI-defined high-risk lesion types in our
population of patients presenting with carotid artery
stenosis (n = 180).
Variable Odds Ratio 95% confidence
Interval
P-value
Lower Upper
Symptomatic Stenosis 13,35 5.19 34.29 <0.001
Degree of Stenosis 0,84 0.43 1.99 0.843
Diabetes Type II 2,58 1.14 5.84 0.023
Elevated Cholesterol 1,11 0.50 2.50 0.793
Coronary Heart Disease 1,11 0.47 2.60 0.816
Atrial Fibrillation 2,41 0.45 12.76 0.303
Hypertension 0,61 0.21 1.74 0.353
Current or Former Smoker 1,06 0.51 2.22 0.873
Preprocedural DWI-Lesion 1,01 0.36 2.86 0.989
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Page 7 of 10fibrous cap [8-10] or intraplaque hemorrhage [5-7], so
these lesion types are expected to have a higher risk of
complications such as cerebral ischemia due to plaque
rupture during endarterectomy. We have previously
shown that the high-risk MRI-defined lesion types IV-V
and VI are indeed overrepresented in symptomatic ste-
nosis [16], thus underlining the hypothesis that the
MRI-defined lesion types IV-V and VI represent high
risk, rupture-prone plaques associated with a higher
incidence of postprocedural neurological deficits.
We found among patients with MRI-defined high-risk
lesion types indeed the diabetic patients to develop post-
procedural DWI lesions more often than nondiabetic
patients, thus providing further evidence for the hypoth-
esis that carotid plaques of diabetic patients might differ
from those of nondiabetics. Our findings suggest that
carotid plaques in diabetic patients are more likely to
rupture during CEA than in other patients.
After adjustment for other risk factors, DM 2
remained an independent predictor for postprocedural
DWI lesions. Since diabetic patients with MRI-detected
high-risk lesion types seem to be at higher risk for the
development of postprocedural ischemia than nondia-
betics with high-risk lesions, more intensive monitoring
before and during invasive procedures should be applied
for these endangered patients and preventive strategies
should be adopted.
The association of DM with postprocedural neurologi-
cal outcome has been discussed controversial so far:
M a t h u re ta l .[ 3 8 ]( n=2 3 1p a t i e n t s )a n dQ u r e s h ie ta l .
[39] (n = 111 patients) did not observe any relation
between DM and periprocedural neurological symptoms.
In the European Carotid Surgery Trial (ECST) [27] and
the North American Symptomatic Endarterectomy Trial
(NASCET) [26], DM was associated with a higher rate
of perioperative stroke or death. However, in none of
the above studies was DWI analysis performed routinely
to find clinically silent lesions that caused no detectable
neurological deficit.
Since in our study regression analysis revealed DM 2
to be associated with high risk lesion types and postpro-
cedural DWI lesions independent of the degree of ste-
nosis, our results suggest that DM seems to play a role
in the development of high-risk, rupture prone plaques
irrespective of the degree of vessel narrowing. Our find-
ings provide further evidence that plaque morphology
and composition seems to be more predictive for plaque
vulnerability than plaque burden.
A limitation of our study is the low number of histo-
logical specimens. Furthemore, we did not use contrast
TOF T1
Smooth muscle
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neovessels
Smooth muscle
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neovessels
Necrotic
core
Necrotic
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T2 PD
Figure 4 The image on the left shows an MRI-example of lesion type IV-V in the left internal carotid artery. The lipid-rich necrotic core
shows low- to iso-signal intensity. Original magnification × 25. The image on the right shows the corresponding histological example (lesion
type V) in the left internal carotid artery. Hematoxylin-Eosin (HE) Staining. Original magnification × 10.
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Page 8 of 10agents for the MRI plaque imaging, so direct visualisa-
tion of distinct markers of plaque vulnerability such as
macrophage density was not possible.
However, our study represents promising initial data
regarding the predictive value of MRI plaque imaging,
but larger studies are needed to confirm our results.
Conclusion
In conclusion, our data suggest that DM 2 irrespective
of other cerebrovascular risk factors and irrespective of
the degree of stenosis represents a predictor for the pre-
sence of vulnerable carotid plaques detected by MRI-
based plaque imaging. Carotid plaques of diabetic
patients seem to be more in danger of rupture during
endarterectomy than carotid plaques of nondiabetic
patients. MRI-based plaque imaging seems to represent
a promising future method for risk stratification in
atherosclerotic patients.
Author details
1Department of Neurology, Klinikum rechts der Isar, Technische Universität,
Munich, Germany.
2Department of Radiology, Ludwig Maximilians
Universität, Munich, Germany.
3Department of Vascular Surgery, Klinikum
rechts der Isar, Technische Universität, Munich, Germany.
4Social Medicine,
Epidemiology, and Health Economics, Charité University, Berlin, Germany.
5Department of Neuroradiology, Klinikum rechts der Isar, Technische
Universität, Munich, Germany.
6Department of Informatics, Klinikum rechts
der Isar, Technische Universität, Munich, Germany.
Authors’ contributions
LE: has made substantial contributions to conception and design, and
acquisition of data, and analysis and interpretation of data; has written the
manuscript. OP: has made substantial contributions to conception and
design and analysis and interpretation of data. HP: has made substantial
contributions to conception and design, and acquisition of data, and
analysis and interpretation of data. He performed carotid anderterectomy of
study patients and carried out the histological analysis. AB: has made
substantial contributions to analysis and interpretation of data; has
performed the statistical analysis; helped to draft the manuscript. TS: has
made substantial contributions to analysis and interpretation of data; has
performed the MRI plaque imaging analysis. DS: has made substantial
contributions to conception and design and analysis and interpretation of
data. RF: has made substantial contributions to conception and design and
analysis and interpretation of data. CW: has made substantial contributions
to conception and design and analysis and interpretation of data. TL: has
made substantial contributions to analysis and interpretation of data; has
performed the MRI - analysis. KH: has made substantial contributions to
conception and design and analysis and interpretation of data. JP: has made
substantial contributions to conception and design and analysis and
interpretation of data, has performed histological analysis. SS: has made
substantial contributions to conception and design and analysis and
interpretation of data. BH: has made substantial contributions to conception
and design and analysis and interpretation of data; helped to draft the
manuscript. HP: has made substantial contributions to conception and
design and analysis and interpretation of data; helped to draft the
manuscript.
Competing interests
The authors declare that they have no competing interests.
Received: 28 January 2010 Accepted: 30 November 2010
Published: 30 November 2010
References
1. Crouse JR: Thematic review series: patient-oriented research. Imaging
atherosclerosis: state of the art. J Lipid Res 2006, 47(8):1677-1699.
2. Yuan C, Oikawa M, Miller Z, Hatsukami T: MRI of carotid atherosclerosis.
J Nucl Cardiol 2008, 15(2):266-275.
3. Saam T, Hatsukami TS, Takaya N, Chu B, Underhill H, Kerwin WS, Cai J,
Ferguson MS, Yuan C: The vulnerable, or high-risk, atherosclerotic plaque:
noninvasive MR imaging for characterization and assessment. Radiology
2007, 244(1):64-77.
4. Cai JM, Hatsukami TS, Ferguson MS, Small R, Polissar NL, Yuan C:
Classification of human carotid atherosclerotic lesions with in vivo
multicontrast magnetic resonance imaging. Circulation 2002,
106(11):1368-1373.
5. Lusby RJ, Ferrell LD, Ehrenfeld WK, Stoney RJ, Wylie EJ: Carotid plaque
hemorrhage. Its role in production of cerebral ischemia. Arch Surg 1982,
117(11):1479-1488.
6. Virmani R, Kolodgie FD, Burke AP, Finn AV, Gold HK, Tulenko TN, Wrenn SP,
Narula J: Atherosclerotic plaque progression and vulnerability to rupture:
angiogenesis as a source of intraplaque hemorrhage. Arterioscler Thromb
Vasc Biol 2005, 25(10):2054-2061.
7. Mofidi R, Crotty TB, McCarthy P, Sheehan SJ, Mehigan D, Keaveny TV:
Association between plaque instability, angiogenesis and symptomatic
carotid occlusive disease. Br J Surg 2001, 88(7):945-950.
8. Falk E: Why do plaques rupture? Circulation 1992, 86(6 Suppl):III30-42.
9. Carr S, Farb A, Pearce WH, Virmani R, Yao JS: Atherosclerotic plaque
rupture in symptomatic carotid artery stenosis. J Vasc Surg 1996,
23(5):755-765, discussion 765-756.
10. Bassiouny HS, Sakaguchi Y, Mikucki SA, McKinsey JF, Piano G, Gewertz BL,
Glagov S: Juxtalumenal location of plaque necrosis and neoformation in
symptomatic carotid stenosis. J Vasc Surg 1997, 26(4):585-594.
11. Chu B, Kampschulte A, Ferguson MS, Kerwin WS, Yarnykh VL, O’Brien KD,
Polissar NL, Hatsukami TS, Yuan C: Hemorrhage in the atherosclerotic
carotid plaque: a high-resolution MRI study. Stroke 2004, 35(5):1079-1084.
12. Yuan C, Zhang SX, Polissar NL, Echelard D, Ortiz G, Davis JW, Ellington E,
Ferguson MS, Hatsukami TS: Identification of fibrous cap rupture with
magnetic resonance imaging is highly associated with recent transient
ischemic attack or stroke. Circulation 2002, 105(2):181-185.
13. Hatsukami TS, Ross R, Polissar NL, Yuan C: Visualization of fibrous cap
thickness and rupture in human atherosclerotic carotid plaque in vivo
with high-resolution magnetic resonance imaging. Circulation 2000,
102(9):959-964.
14. Mitsumori LM, Hatsukami TS, Ferguson MS, Kerwin WS, Cai J, Yuan C: In
vivo accuracy of multisequence MR imaging for identifying unstable
fibrous caps in advanced human carotid plaques. J Magn Reson Imaging
2003, 17(4):410-420.
15. Yuan C, Mitsumori LM, Ferguson MS, Polissar NL, Echelard D, Ortiz G,
Small R, Davies JW, Kerwin WS, Hatsukami TS: In vivo accuracy of
multispectral magnetic resonance imaging for identifying lipid-rich
necrotic cores and intraplaque hemorrhage in advanced human carotid
plaques. Circulation 2001, 104(17):2051-2056.
16. Esposito L, Sievers M, Sander D, Heider P, Wolf O, Greil O, Zimmer C,
Poppert H: Detection of unstable carotid artery stenosis using MRI.
J Neurol 2007, 254(12):1714-1722.
17. Henry RM, Kostense PJ, Dekker JM, Nijpels G, Heine RJ, Kamp O, Bouter LM,
Stehouwer CD: Carotid Arterial Remodeling. A Maladaptive Phenomenon
in Type 2 Diabetes but Not in Impaired Glucose Metabolism: The Hoorn
Study. Stroke 2004, 35(3):671-676.
18. Moreno PR, Fuster V: New aspects in the pathogenesis of diabetic
atherothrombosis. J Am Coll Cardiol 2004, 44(12):2293-2300.
19. Idris I, Thomson GA, Sharma JC: Diabetes mellitus and stroke. Int J Clin
Pract 2006, 60(1):48-56.
20. Kang SS, Littooy FN, Gupta SR, Johnson GR, Fisher SG, Cote WL, Steffen GF,
Mansour MA, Labropoulos N, Maggio JC: Higher prevalence of abdominal
aortic aneurysms in patients with carotid stenosis but without diabetes.
Surgery 1999, 126(4):687-691, discussion 691-682.
21. Rozenman Y, Sapoznikov D, Mosseri M, Gilon D, Lotan C, Nassar H,
Weiss AT, Hasin Y, Gotsman MS: Long-term angiographic follow-up of
coronary balloon angioplasty in patients with diabetes mellitus: a clue
Esposito et al. BMC Medical Imaging 2010, 10:27
http://www.biomedcentral.com/1471-2342/10/27
Page 9 of 10to the explanation of the results of the BARI study. Balloon Angioplasty
Revascularization Investigation. J Am Coll Cardiol 1997, 30(6):1420-1425.
22. Levine GN, Jacobs AK, Keeler GP, Whitlow PL, Berdan LG, Leya F, Topol EJ,
Califf RM: Impact of diabetes mellitus on percutaneous revascularization
(CAVEAT-I). CAVEAT-I Investigators. Coronary Angioplasty Versus
Excisional Atherectomy Trial. Am J Cardiol 1997, 79(6):748-755.
23. Luscher TF, Creager MA, Beckman JA, Cosentino F: Diabetes and vascular
disease: pathophysiology, clinical consequences, and medical therapy:
Part II. Circulation 2003, 108(13):1655-1661.
24. Grant EG, Benson CB, Moneta GL, Alexandrov AV, Baker JD, Bluth EI,
Carroll BA, Eliasziw M, Gocke J, Hertzberg BS, Katanick S, Needleman L,
Pellerito J, Polak JF, Rholl KS, Wooster DL, Zierler RE: Carotid Artery
Stenosis: Gray-Scale and Doppler US Diagnosis–Society of Radiologists in
Ultrasound Consensus Conference. Radiology 2003, 229(2):340-346.
25. SPACE Collaborative Group, Ringleb PA, Allenberg J, Bruckmann H,
Eckstein HH, Fraedrich G, Hartmann M, Hennerici M, Jansen O, Klein G,
Kunze A, Marx P, Niederkorn K, Schmiedt W, Solymosi L, Stingele R,
Zeumer H, Hacke W: 30 day results from the SPACE trial of stent-
protected angioplasty versus carotid endarterectomy in symptomatic
patients: a randomised non-inferiority trial. Lancet 2006,
368(9543):1239-1247.
26. Beneficial effect of carotid endarterectomy in symptomatic patients with
high-grade carotid stenosis. North American Symptomatic Carotid
Endarterectomy Trial Collaborators. N Engl J Med 1991, 325(7):445-453.
27. Randomised trial of endarterectomy for recently symptomatic carotid
stenosis: final results of the MRC European Carotid Surgery Trial (ECST).
Lancet 1998, 351(9113):1379-1387.
28. Wolf O, Heider P, Heinz M, Poppert H, Schmidt-Thieme T, Sander D, Grafin
von Einsiedel H, Brandl R: Frequency, clinical significance and course of
cerebral ischemic events after carotid endarterectomy evaluated by
serial diffusion weighted imaging. Eur J Vasc Endovasc Surg 2004,
27(2):167-171.
29. Wolf O, Heider P, Heinz M, Poppert H, Sander D, Greil O, Weiss W, Hanke M,
Eckstein HH: Microembolic signals detected by transcranial Doppler
sonography during carotid endarterectomy and correlation with serial
diffusion-weighted imaging. Stroke 2004, 35(11):e373-375.
30. Poppert H, Wilhelm T, Resch M, Theiss W, Brandl R, Winbeck K, Conrad B,
Sander D: Differences in number and location of microembolic ischemic
lesions after percutaneous transluminal angioplasty and operative
thrombendarterectomy. Journal of Neurology 2001, 248(suppl 2):II/18.
31. Stary HC, Chandler AB, Glagov S, Guyton JR, Insull W Jr, Rosenfeld ME,
Schaffer SA, Schwartz CJ, Wagner WD, Wissler RW: A definition of initial,
fatty streak, and intermediate lesions of atherosclerosis. A report from
the Committee on Vascular Lesions of the Council on Arteriosclerosis,
American Heart Association. Arterioscler Thromb 1994, 14(5):840-856.
32. Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S, Insull W Jr,
Rosenfeld ME, Schwartz CJ, Wagner WD, Wissler RW: A definition of
advanced types of atherosclerotic lesions and a histological classification
of atherosclerosis. A report from the Committee on Vascular Lesions of
the Council on Arteriosclerosis, American Heart Association. Circulation
1995, 92(5):1355-1374.
33. Moreno PR, Murcia AM, Palacios IF, Leon MN, Bernardi VH, Fuster V,
Fallon JT: Coronary composition and macrophage infiltration in
atherectomy specimens from patients with diabetes mellitus. Circulation
2000, 102(18):2180-2184.
34. Di Mario U, Pugliese G: 15th Golgi lecture: from hyperglycaemia to the
dysregulation of vascular remodelling in diabetes. Diabetologia 2001,
44(6):674-692.
35. Wasserman BA, Sharrett AR, Lai S, Gomes AS, Cushman M, Folsom AR,
Bild DE, Kronmal RA, Sinha S, Bluemke DA: Risk factor associations with
the presence of a lipid core in carotid plaque of asymptomatic
individuals using high-resolution MRI: the multi-ethnic study of
atherosclerosis (MESA). Stroke 2008, 39(2):329-335.
36. Takaya N, Yuan C, Chu B, Saam T, Underhill H, Cai J, Tran N, Polissar NL,
Isaac C, Ferguson MS, Garden GA, Cramer SC, Maravilla KR, Hashimoto B,
Hatsukami TS: Association between carotid plaque characteristics and
subsequent ischemic cerebrovascular events: a prospective assessment
with MRI–initial results. Stroke 2006, 37(3):818-823.
37. Endarterectomy for asymptomatic carotid artery stenosis. Executive
Committee for the Asymptomatic Carotid Atherosclerosis Study. JAMA
1995, 273(18):1421-1428.
38. Mathur A, Roubin GS, Iyer SS, Piamsonboon C, Liu MW, Gomez CR,
Yadav JS, Chastain HD, Fox LM, Dean LS, Vitek JJ: Predictors of stroke
complicating carotid artery stenting. Circulation 1998, 97(13):1239-1245.
39. Qureshi AI, Luft AR, Janardhan V, Suri MF, Sharma M, Lanzino G,
Wakhloo AK, Guterman LR, Hopkins LN: Identification of patients at risk
for periprocedural neurological deficits associated with carotid
angioplasty and stenting. Stroke 2000, 31(2):376-382.
Pre-publication history
The pre-publication history for this paper can be accessed here:
http://www.biomedcentral.com/1471-2342/10/27/prepub
doi:10.1186/1471-2342-10-27
Cite this article as: Esposito et al.: MRI plaque imaging reveals high-risk
carotid plaques especially in diabetic patients irrespective of the degree
of stenosis. BMC Medical Imaging 2010 10:27.
Submit your next manuscript to BioMed Central
and take full advantage of: 
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at 
www.biomedcentral.com/submit
Esposito et al. BMC Medical Imaging 2010, 10:27
http://www.biomedcentral.com/1471-2342/10/27
Page 10 of 10